Introduction
============

LL-37 peptide released by serine proteases from its precursor, human cathelicidin, is the only cathelicidin identified so far in humans.[@b1-ijn-10-3843] LL-37 has a broad spectrum of antimicrobial activity against a wide range of pathogens, including strains resistant to standard antibiotic therapy.[@b2-ijn-10-3843]--[@b4-ijn-10-3843] Expression of human cathelicidin/LL-37 significantly increases during tissue regeneration and wound healing and at sites of chronic bacterial infection.[@b5-ijn-10-3843] It has been shown that LL-37 binds and neutralizes bacterial cell wall components, such as lipopolysaccharide and lipoteichoic acid, preventing induction of inflammatory mediators via Toll-like receptor activation.[@b2-ijn-10-3843],[@b6-ijn-10-3843] A growing number of studies demonstrate the impact of cathelicidin LL-37 in the process of tumor growth.[@b7-ijn-10-3843]--[@b9-ijn-10-3843] LL-37 is capable of stimulating angiogenesis through an agonistic effect on formyl peptide receptor-like 1 and the prostaglandin E2-EP3 signaling pathway.[@b9-ijn-10-3843],[@b10-ijn-10-3843] An increase in apoptosis of tumor cell lines, such as A549 pulmonary epithelial cells, as a result of the agonistic action of LL-37 was reported.[@b11-ijn-10-3843] Modified antimicrobial LL-37 peptides, such as FF/CAP18, and a synthetic antimicrobial peptide mimic, ceragenin CSA-13, also have the potential to suppress growth of colon cancer cells.[@b12-ijn-10-3843]--[@b15-ijn-10-3843] It was found that expression of LL-37 is reduced during progression of stomach cancer from atrophic gastritis to adenocarcinoma. The modified antimicrobial peptide FF/CAP18 exerts antiproliferative effects on the SAS-H1 squamous carcinoma cell line.[@b16-ijn-10-3843] The mechanism of action suggested for LL-37 involves interaction between the cationic domain of LL-37 and negatively charged membrane lipids.[@b17-ijn-10-3843] Indeed, electrostatic interactions likely play a key role in attachment of LL-37 and its insertion into tumor cells.[@b17-ijn-10-3843] However, several studies have shown that the presence of LL-37 is a positive regulator for progression of certain cancers. In vitro studies revealed that ovarian cancer cells treated with LL-37 are activated to proliferate at a rate similar to that for other mitogens, such as epidermal growth factor.[@b18-ijn-10-3843] Similarly, higher proliferation was observed in breast cancer cells overexpressing LL-37.[@b19-ijn-10-3843] The mitogenic effects of LL-37 on lung cancer cells and lung cancer xenografts are accompanied by phosphorylation of the epidermal growth factor receptor and subsequent activation of the Ras/mitogen-activated protein kinase cascade. These data suggest that application of the LL-37 peptide might increase the activity of classical chemotherapeutic agents and increase their sensitivity against certain types of cancers. New possibilities to enhance the potential effects of LL-37, its synthetic analog, CSA-13, and other antimicrobial peptides in cancer therapy are provided by strategies that use nanoparticles as a drug delivery system.[@b20-ijn-10-3843],[@b21-ijn-10-3843]

Studies during the last decade have shown that magnetic nanoparticles (MNPs) have great potential in modern medical applications, including controlled drug and gene delivery systems, magnetic resonance imaging, cancer therapy via magnetic hyperthermia, and targeted therapy.[@b22-ijn-10-3843]--[@b25-ijn-10-3843] In this study, we describe a novel magnetic nanosystem made from an iron oxide core, aminosilane layer, and the antimicrobial peptide LL-37 or its synthetic analog, CSA-13. Our study provides evidence that combination of antimicrobial peptides with MNPs decreases viability of colorectal cancer cell line. We also show that the ceragenin compound CSA-13 has stronger apoptotic effects on colon cancer cells than LL-37. This study indicates that both nanosystems might play an important role in development of targeted therapy due to their ability to be internalized into cells and accumulate in the nucleus.

Materials and methods
=====================

Synthesis of MNPs functionalized by cathelicidin LL-37 or its synthetic mimic
-----------------------------------------------------------------------------

Core--shell magnetic nanostructures with terminal propylo-amine groups were synthesized by Stober modification methods previously described by Niemirowicz et al.[@b26-ijn-10-3843],[@b27-ijn-10-3843] Immobilization of LL-37 peptide onto the nanoparticle surface was achieved by an amidation reaction between the peptide carboxyl group and the primary amine group of the MNPs. To obtain ceragenin-functionalized MNPs, the core--shell nanostructures were suspended in ethanol and a 25% solution of glutaric dialdehyde. In the final step, MNPs with terminal aldehyde groups were resuspended in ethanol containing ceragenin CSA-13. After functionalization, the precipitate was collected magnetically and washed three times each with ethanol and phosphate-buffered saline, then dried to a powder at 37°C. To prepare fluorescent nanosystems, MNPs with aldehyde groups were functionalized with propidium iodide. MNPs coated with cathelicidin LL-37 or ceragenin CSA-13 were then labeled with fluorescein isothiocyanate (FITC).[@b28-ijn-10-3843]

Characterization of nanoparticles
---------------------------------

Fourier transform infrared (FT-IR) spectra were recorded using a Nicolet 6700 FT-IR spectrophotometer (Thermo Scientific, Waltham, MA, USA). A thin layer of sample was placed in direct contact with an infrared attenuated total reflection diamond crystal. All FT-IR spectra were collected in the wavenumber range of 4,000--500 cm^−1^ by co-adding 32 scans with a resolution of 4 cm^−1^.

Cell culture
------------

The two colon cancer cell lines (DLD-1 cells and HT-29 cells) were purchased from American Type Culture Collection (Manassas, VA, USA), and were maintained in Dulbecco's modified Eagle's medium with GlutaMax I (DLD-1) or in McCoy's 5A medium (HT-29), and supplemented with 10% fetal bovine serum, 50 U/ml penicillin, and 50 mg/ml streptomycin at 37°C in a 5% CO~2~ incubator. Proliferation of DLD-1 cells after treatment with LL-37, CSA-13, MNP, MNP\@LL-37, and MNP\@CSA-13 was assessed after 24 hours of incubation. The cells were counted using a CKC41 U-RLFT50 microscope (Olympus, Tokyo, Japan).[@b3-ijn-10-3843]

Evaluation of cytotoxicity using DLD-1 and HT-29 cell lines
-----------------------------------------------------------

To evaluate the cytotoxicity of cathelicidin LL-37, ceragenin CSA-13, MNP\@LL-37, and MNP\@CSA-13, the cells were seeded at a density of 5,000 cells per well in 1 mL of growth medium in 24-well plates. After 24 hours of culture, the cells were treated with the test agents at a concentration of 5--100 μg/mL. After 24 hours of incubation, a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay was performed. The average of all the experiments is shown as the cell viability percentage in comparison with the control, while cells without nanoparticles were considered to be 100% viable.

Apoptosis assay
---------------

Apoptotic cells were analyzed using a vitality kit by determining the level of free thiols, such as reduced glutathione, using the NucleoCounter^®^ NC-3000™ system, following the manufacturer's instructions. Cells stained with Solution 5 were immediately loaded into an NC-Slide. Solution 5 contains propidium iodide, which stains the dead cells, acridine orange, used as a counterstain staining all cells living and dead, and VB-48™ a patented fluorophore which only has fluorescence when bound to reduced thiols. A fluorescence intensity histogram indicating the distribution of thiol levels in cells was collected. The histograms for treated cells and control cells were compared to identify the fraction of cells with low vitality (ie, apoptotic or stressed cells). In another set of experiments apoptotic and necrotic cells were detected using a staining procedure (5 μg/mL of Hoechst 33342 and 25 μg/mL of propidium iodide, respectively, each in phosphate-buffered saline). Cells were examined for morphological features of apoptosis and necrosis (chromatin condensation, fragmentation, and apoptotic body formation) by confocal microscopy (BD Pathway Bioimaging Systems, BD Biosciences, San Jose, CA, USA) and the images were collected with 400× magnification.

Proliferation assay
-------------------

To examine the effect of cathelicidin LL-37, ceragenin CSA-13, and the synthesized nanoparticles MNP\@LL-37 and MNP\@CSA-13 on proliferation of HT-29 cells, the cells were seeded in 24-well plates at 1×10^5^ cells/well with 1 mL of growth medium. After 4 hours, the nanoparticles and 0.5 mCi of \[^3^H\]-thymidine were added to subconfluent cells. Incubation was continued for 24 hours at 37°C. The cells were then rinsed three times with phosphate-buffered saline and solubilized with 1 mL of 0.1 mol/L sodium hydroxide containing 1% sodium dodecyl sulfate. Ultima Gold XR scintillation fluid was added, and incorporation of the tracer into DNA was measured in a scintillation counter.

Internalization of functionalized MNPs into HT-29 cells
-------------------------------------------------------

Internalization of cathelicidin LL-37, ceragenin CSA-13, and the functionalized nanoparticles MNP\@LL-37 and MNP@ CSA-13 was assessed by confocal microscopy, with the images recorded at 400× magnification. HT-29 cells were seeded on 96-well culture plates at a density of 1×10^5^ cells/well with 100 μL of growth medium. Next, FITC-labeled cathelicidin LL-37, ceragenin CSA-13 and each nanosystem labeled with propidium iodide and FITC were added at a final concentration of 20 μg/mL and incubated for 8 hours. The cell nuclei were visualized by staining with Hoechst 33342 dye (5 μg/mL) using a confocal microscope equipped with filters (Hoechst/FITC/propidium iodide) and capable of distinguishing between the blue (stained cell nuclei), green (FITC-labeled LL-37 and CSA-13), and red (propidium iodide-labeled MNPs).

Statistical analysis
--------------------

In this study, all experiments were carried out in triplicate. Collected data and differences were determined using the one-tailed Student's *t*-test. Statistical analyses were performed using Statistica 10 (StatSoft Inc, Tulsa, OK, USA). *P*\<0.05 was considered to be statistically significant.

Results
=======

Properties of MNP\@LL-37 and MNP@ CSA-13 nanosystems
----------------------------------------------------

The obtained MNPs were characterized by attenuated total reflection FT-IR spectroscopy. [Figure 1](#f1-ijn-10-3843){ref-type="fig"} shows the attenuated total reflection FT-IR spectra for LL-37 and MNPs functionalized by cathelicidin LL-37 (MNP@ LL-37, [Figure 1A](#f1-ijn-10-3843){ref-type="fig"}) or ceragenin CSA-13 (MNP\@CSA-13, [Figure 1B](#f1-ijn-10-3843){ref-type="fig"}). In each sample, the existence of a magnetic core is indicated by a band at around 550 cm^−1^, which corresponds to the Fe-O stretching mode of Fe~3~O~4~. The presence of an aminosilane layer was confirmed by a distinctive band at around 1,000--1,150 cm^−1^, which was associated with the Si-O, Si-O-Si, and Fe-O-Si stretching vibrations. Additionally, the bands at 1,552 cm^−1^ and 3,367 cm^−1^ and 3,287 cm^−1^ correspond to N-H bending and stretching vibrations were indicated. After functionalization with cathelicidin LL-37 and ceragenin CSA-13, the characteristic signals for free LL-37 and CSA-13 were recorded within the surface-functionalized MNPs, confirming that both molecules were immobilized.

Viability, apoptosis, and proliferation in cell cultures exposed to LL-37, CSA-13, MNPs, MNP\@LL-37, and MNP\@CSA-13
--------------------------------------------------------------------------------------------------------------------

To investigate the effect of cathelicidin LL-37 and its synthetic analog, ceragenin CSA-13 alone and in combination with MNPs, LL-37 and CSA-13 were each covalently immobilized on the surface of MNPs (MNP\@LL-37 and MNP@ CSA-13). Each of the above agents was added to the colorectal cancer cells at different concentrations. As shown in [Figure 2](#f2-ijn-10-3843){ref-type="fig"}, LL-37 alone did not significantly affect the survival of DLD-1 cells. In contrast, combination of cathelicidin LL-37 with MNPs caused a dose-dependent cytotoxic response, similar to the effect of CSA-13 and MNP\@CSA-13 ([Figure 2B](#f2-ijn-10-3843){ref-type="fig"}). The proliferation assay confirmed the results of the viability studies ([Figures 2C and F](#f2-ijn-10-3843){ref-type="fig"}). A marked dose-dependent decrease in cell proliferation was observed in DLD-1 cells treated with magnetic derivatives of antimicrobial peptides. Similar results were obtained using HT-29 cells ([Figures 3C and F](#f3-ijn-10-3843){ref-type="fig"}). Cationic antimicrobial peptides and their nanoformulations showed concentration-dependent cytotoxicity ([Figures 3A and B](#f3-ijn-10-3843){ref-type="fig"}). Analysis of free thiol levels in cells enabled apoptotic or stressed cells to be identified. As shown in [Figures 2D](#f2-ijn-10-3843){ref-type="fig"} and [3D](#f3-ijn-10-3843){ref-type="fig"}, LL-37 alone and in combination with MNPs induced apoptosis in about 20% of DLD-1 cells and less than 10% of HT-29 cells. However, statistically significant induction of apoptosis was observed when LL-37 was immobilized on the surface of MNPs. After treatment with CSA-13 and MNP-CSA-13, there was a statistically significant increase in the amount of apoptotic cells ([Figure 3E](#f3-ijn-10-3843){ref-type="fig"}). However, a CSA-13 dose higher than 20 μg/mL did not have any greater apoptotic effect ([Figure 2E](#f2-ijn-10-3843){ref-type="fig"}). The above observation was confirmed by microscopy. Representative images of HT-29 cells after treatment at a dose of 50 μg/mL are shown in [Figure 4](#f4-ijn-10-3843){ref-type="fig"}.

Cellular internalization of LL-37- and CSA-13-coated MNPs
---------------------------------------------------------

Cellular uptake of free cathelicidin LL-37, ceragenin CSA-13, and the synthesized MNP\@LL-37 and MNP@ CSA-13 nanoparticles is demonstrated in [Figure 5](#f5-ijn-10-3843){ref-type="fig"}. The images were used to compare the intracellular localization of all the tested molecules before and after the immobilization process in HT-29 cells. The results show that nanoparticles functionalized by LL-37 or CSA-13 were successfully internalized by HT-29 cells. The data indicate that the nanoparticles accumulated in the cytoplasm while CSA-13 and cathelicidin LL-37 were present in nucleus. Similar localization was indicated for molecules that were not immobilized.

Discussion
==========

Rapid progress in nanotechnology is now offering considerable opportunities for developing new methods with medical application. Aminosilane-coated MNPs, used as drug carriers, are already well characterized.[@b26-ijn-10-3843] In this study, we observed stronger anticancer activity of LL-37 peptide and its synthetic analog, ceragenin CSA-13, after attachment to the surface of MNPs, so nanoparticles could be used to improve the therapeutic activity of such compounds. This possibility is strongly supported by a recent study showing that combination use of MNPs might enhance the activity of conventional chemotherapeutics and reduce their side effects.[@b29-ijn-10-3843],[@b30-ijn-10-3843] Additionally, the greater apoptotic effect seen using CSA-13 when compared with natural cathelicidin LL-37 suggests that synthetic cationic mimics of antimicrobial peptides might provide a new therapeutic option. LL-37 peptide and its fragments might be a platform for designing new antitumor drugs, especially for the treatment of cancer cells that are resistant to existing therapeutics. It is suggested that the anticancer mechanism of action of LL-37 is very complex and might involve different pathways. Indirectly, the anticancer effect of LL-37 might be associated with its bactericidal properties, as a relationship between bacterial infections and cancer has been proven, and a reduction of bacterial infections can have a direct impact on the development of cancer.[@b17-ijn-10-3843] Further, antimicrobial peptides may kill cancer cells directly in part due to exposed anionic phosphatidylserines.[@b31-ijn-10-3843] A recent study showed that fragments of LL-37, such as FK-16, IG-27, and GF-17, also demonstrated anticancer effects.[@b32-ijn-10-3843] LL-37 increases expression of bone morphogenetic protein, which activates tumor-suppressing pathways in gastric carcinogenesis, and inhibits the chymotrypsin-like and caspase-like activity of the 20S proteasome. These data suggest that the anticancer effect of LL-37 peptide is mediated via activation of bone morphogenetic protein signaling induced by proteasome inhibition. It might be assumed that the LL-37 peptide complexed with MNPs are able to better activate this pathway. Moreover, it is possible that LL-37 and certain other antimicrobial peptides kill cancer cells indirectly by inducing apoptosis. In a recent and very compelling study, the human cathelicidin/LL-37 analog peptide, FF/CAP18, and CSA-13 exerted antiproliferative effects in an HCT116 (human colon cancer) cell line by depolarization of the mitochondrial membrane, which takes place early in apoptosis.[@b12-ijn-10-3843],[@b13-ijn-10-3843] In turn, Zhu et al reported that aminosilane surface coating enhanced cellular uptake efficiency in a number of cell lines.[@b33-ijn-10-3843] Kocbek et al showed that breast cancer cells treated with polymer-coated MNPs in the absence of an external magnetic field were observed in membrane compartments.[@b34-ijn-10-3843] They also observed that MNPs induced ruffling of the cell surface, which can result from internalization via macropinocytosis. This novel type of endocytosis might be characteristic of solute macromolecules, and probably also of nanoparticles.[@b35-ijn-10-3843] This finding is consistent with our results, which show the presence of MNPs in the cytoplasm while active compounds were indicated in their target point (ie, the nucleus). A recent study showed that nanoparticles are able to deliver chemotherapeutic agents to cancer cells with a multidrug resistance mechanism.[@b36-ijn-10-3843] Gunduz et al demonstrated that MNPs can escape the activity of the ATP-dependent efflux pump, due to their endocytotic route of internalization, and exert protective effects as well as enhance drug uptake and accumulation.[@b37-ijn-10-3843] Other studies have indicated that use of MNPs as a carrier increases the amount of delivered drug.[@b38-ijn-10-3843],[@b39-ijn-10-3843] Some properties of MNPs, such as their high surface area to volume ratio, might partially explain the higher intracellular accumulation of LL-37 in HT-29 cells after treatment with MNP\@LL-37, as observed in our study. We hypothesized that MNPs could improve the anticancer properties of antimicrobial peptides because of their improved uptake in colorectal cancer cells ([Figure 6](#f6-ijn-10-3843){ref-type="fig"}). These data alone support our assumption that a synergistic effect of MNPs and cationic antimicrobial peptides might exist. Combining the anticancer activity of LL-37 with the magnetic properties of MNPs may have some prospects for use in vivo magnetic resonance imaging and as an inductor for magnetic hyperthermia. Using the MNPs as LL-37 carriers could be helpful in controlling the balance between the therapeutical and toxic effects of antimicrobial peptides to cancer tissue and surrounding healthy tissue. Factors that could tilt the balance to a diseased state may yield useful methods for the treatment of cancer.

Conclusion
==========

Aminosilane-modified MNPs can be used as LL-37 carriers when developing tumor-suppressing nanosystems for control of colon and gastric carcinogenesis. This study also indicates that synthetic analogs of LL-37, such as ceragenin CSA-13, represent an improvement on the natural LL-37 peptide for induction of apoptosis in cancer cells.
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![Attenuated total reflection Fourier transform infrared spectra of magnetic nanoparticles coated by human cathelicidin LL-37 (**A**) or the antimicrobial peptide analog ceragenin CSA-13 (**B**).\
**Abbreviations:** MNP\@LL-37, LL-37 peptide linked to magnetic nanoparticles; MNP\@CSA-13, CSA-13 linked to magnetic nanoparticles.](ijn-10-3843Fig1){#f1-ijn-10-3843}

![Ceragenin-coated magnetic nanoparticles decrease viability and induce apoptosis in DLD-1 cells. MTT assay of the viability of DLD-1 cells treated with derivatives of cathelicidin LL-37 (**A**) and ceragenin CSA-13 (**B**) at different concentrations for 24 hours. Apoptosis of DLD-1 cell treated with cathelicidin LL-37 (**D**) and ceragenin CSA-13 (**E**). Proliferation assay of DLD-1 cells treated with cathelicidin LL-37 (**C**) and ceragenin CSA-13 derivatives (**F**).\
**Note:** \*Significantly different compared with control (n=3--6).\
**Abbreviations:** MNP, Magnetic Nanoparticles; MNP\@LL-37, LL-37 peptide linked to magnetic nanoparticles; MNP\@CSA-13, CSA-13 linked to magnetic nanoparticles; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide.](ijn-10-3843Fig2){#f2-ijn-10-3843}

![Cathelicidin LL-37-coated and ceragenin CSA-13-coated magnetic nanoparticles decrease viability, induce apoptosis, and decrease proliferation of HT-29 cells. Viability assay of HT-29 cells treated with derivatives of cathelicidin LL-37 (**A**) and ceragenin CSA-13 (**B**) at different concentrations for 24 hours. Apoptosis assay of HT-29 cells after treatment with cathelicidin LL-37 (**D**) or ceragenin CSA-13 (**E**) derivatives. Incorporation of ^3^H-thymidine into HT-29 cells treated with derivatives of cathelicidin LL-37 (**C**) or ceragenin CSA-13 (**F**) for 24 hours at different concentrations.\
**Note:** \*Significantly different compared with control (n=3--6).\
**Abbreviations:** MNP, Magnetic Nanoparticles; MNP\@LL-37, LL-37 peptide linked to magnetic nanoparticles; MNP\@CSA-13, CSA-13 linked to magnetic nanoparticles; CT, control.](ijn-10-3843Fig3){#f3-ijn-10-3843}

![Ceragenin-coated and cathelicidin-coated magnetic nanoparticles induce apoptotic and necrotic changes in HT-29 cells. Microscopy evaluation revealed the normal structure of untreated HT-29 cells without any apoptotic or necrotic changes after 24 hours (**A**). Apoptotic features, including cell blebbing (BL) were observed after 24 hours of incubation with MNPs (**D**) or ceragenin CSA-13 (**F**). Clear markers of late apoptosis and necrosis were detected by appearance of an orange and red color after treatment with MNP\@CSA-13 (**B**), MNP\@LL-37 (**C**), MNP (**D**), and CSA-13 (**F**). Uncharacteristic changes were observed after treatment with LL-37 (**E**).\
**Notes:** The image of the stained HT-29 cell population was acquired using the BD Pathway confocal microscope. Green indicates living cells and orange/red indicates apoptotic or necrotic cells.\
**Abbreviations:** BL, membrane blebbing; LA, late apoptosis; N, necrosis; MNP, magnetic nanoparticles.](ijn-10-3843Fig4){#f4-ijn-10-3843}

![Internalization of the dual-labeled magnetic nanosystem (PI-MNP\@LL-37-FITC or PI-MNP\@CSA-13-FITC) into colorectal cancer HT-29 cells. This experiment was conducted using aminosilane-coated MNPs in which cathelicidin LL-37 or ceragenin CSA-13 attached to the MNP surface were linked to FITC. Additionally, aldehyde groups coating the MNP surface were labeled with PI. Schematic representation of dual-labeled nanosystems (**A**); FITC is indicated as green stars; PI is indicated as red stars. Internalization of cathelicidin LL-37-FITC (**B**) or PI-MNP\@LL-37-FITC (**C**), ceragenin CSA-13-FITC (**D**) and PI-MNP\@CSA-13-FITC (**E**). As indicated by arrows, both nanosystems were localized in the cytoplasm and/or nuclear compartment. (**C**, **E**) In some cells, LL-37-FITC and CSA-13-FITC molecules were released from the MNP surface (green fluorescence) and were localized in the nucleus area while the core--shell nanostructures were present in the cytosol (red fluorescence). Magnification 400×.\
**Abbreviations:** CSA-13-FITC, ceragenin CSA-13 labeled by FITC; LL-37-FITC, cathelicidin LL-37 labeled by FITC; FITC, fluorescein isothiocyanate; PI, propidium iodide; MNP, magnetic nanoparticles; PI-MNP\@LL-37-FITC/PI-MNP\@CSA-13-FITC, dual-labeled magnetic nanosystems.](ijn-10-3843Fig5){#f5-ijn-10-3843}

![Hypothetical mechanism of anticancer activity of MNP\@LL-37 or MNP\@CSA-13. LL-37 was linked to the aminosilane MNPs by covalent bonds to construct nanosystems acting as a drug delivery system. MNPs, as drug carriers, increased LL-37 or CSA-13 chemotherapeutic efficiency after endocytosis and acid hydrolysis in the cell cytosol.\
**Abbreviations:** MNP, magnetic nanoparticles; ROS, reactive oxygen species.](ijn-10-3843Fig6){#f6-ijn-10-3843}
